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19. ABSTRACT (Continued)

undisturbed DIRECT COURSE cores had higher void ratios (indicated by lower
sample densities) and neither material showed signs of achieving full satura-
tion during the tests. Material behavior is therefore critically dependent
on dry density and air voids within pressure regimes tested, and these factors
should be evaluated before selection of material properties for modeling.
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SUMMARY

The testing program revealed significant differences in the mechanical

behavior between remolded and undisturbed alluvial soils. The specified

remolding procedure resulted in higher water saturations, apparently causing

the remolded specimens to become fully saturated at volumetric strains of 15-

20%. Consequently, remolded strengths tended to be low, and post-saturation-

stiffnesses were nigh. The undisturbed specimens did not become fully satur-

ated and therefore had larger strengths than the remolded materials, although

they displayed greater variability.

The results of the cycled hydrostatic compression tests show notably

different strain behavior between the remolded and undisturbed samples. Above

100 MPa confining pressure, the remolded samples consistently had much stiffer

responses than the undisturbed samples. The remolded specimens had similar

densities and moisture contents and likewise exhibited similar compaction I

properties through the entire range of confining stresses. The undisturbed

specimens exhibited a wide range of volumetric strains during hydrostatic

loading. ,

In the uniaxial strain tests, plots of the principal stress difference

versus the mean normal stress indicate that the maximum stress difference is

generally attained during the first cycle to 50 MPa confining pressure for the

remolded samples, at which point full saturation apparently occurs. In all

subsequent cycles, the loading slopes are generally shallower and the maximum

stress differences are sligntly smaller than the first loading. The fact that

subsequent maximum stress differences are approximately the same level prob- -

ably is an indication that the effective stress is unchanging once the sample ",

reaches full saturation. The undisturbed samples typically have lower moi.3-

ture contents and continually support larger deviatoric stresses during cyc-

ling to higher confining pressures.

Results of the triaxial compression tests indicate tnt trie sneAr

strength of the remolded alluvium is not significantly affectpd by an incrise

in the confining pressure after the samples approach full atir'Iti cn i r.-I e ','I

effective stress becomes nearly constant.
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The undisturbed samples are significantly stronger tnan the remolded

samples. At confining stresses of 50 and 100 MPa, the yield strengths are -

quite comparable between the UDC and UWS samples, but at 200 MPa confining

stress, there are major differences in the strengths. The single UDC sample N.

tested at 200 MPa confining stress appears to be abnormally weak compared t.

the tests at 50 and 100 MPa, and the results should probably be discounted.

The two UWS specimens tested at 200 MPa did not actually fail Defore the

limits of the axial strain transducers were reached.

The strain path tests were performed in a relatively low stress regime

compared to the conventional mechanical tests. Results of the strain path

tests show an overall qualitative similarity among the four material types.

Within the material groups, the stresses and strains were quantitatively

similar as well. In general, the NV sand tends to have a stiffer response -.

than tne other three materials. Also, the UDC was found to be stiffer than -.

the RDC and is similar to the UWS material.

Particular difficulties were encountered in completing strain paths 2A .

and 2B. In all type 2 strain path tests, samples encountered a region where

it was not physically possible for the test materials to follow the strain

paths since they required the specimens to rebound from unloading to a degree

which they could not. This may indicate that the calculation of the strain

path was based on an untenable material model, that the empirical data from . -

field tests used for constructing the paths may have been subject to measure-

ment error, or that these materials differ significantly from the materials on

which the strain path was based.
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CONVERSION FACTORS AND EQUIVALENT UNITS FOR
METRIC (SI) TO U.S. CUSTOMARY UNITS OF MEASUREMENT

Multiply by To Get
To Get by Divide

meter 39.370 inch

Kilo pascal 0.14$5 pound-force/inch2

Kilogram/meter3  62.43x10-3  pound-mas/inch3

1 meter - I x 103 millimeter = 39.370 inch

I Kilo pascal = I x 10-3 Mega pascal = 0.145 pound-force/inch 2

1 Kilogram/meter3 = 1 x 10- gram/centimeter3 = 62.43x10-3 pound-mass/inch3
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SECTION I

INTRODUCTION

This report documents the results of a laboratory test program that was

performed for the Defense Nuclear Agency under the general direction of the

U.S. Army Engineer Waterways Experiment Station (WES). The purpose of the -

testing program was to assist in characterizing tne mechanical properties of

" allivium similar to that found at Nellis Air Force Range, Nevada, Luke omcing

and Gunnery Range, Arizona, and White Sands Missill Range, New :exico.

Material descriptions, test procedures, and results are discussed in

subsequent sections of this report. The testing program consisted of cycled

hydrostatic compression, cycled uniaxial strain, triaxial compres3ion, and

strain path tests.

a.
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SECTION 2

MATERIAL DESCRIPrIONS a

Four soil types, consisting of both processed soils and undisturbed core,

were supplied by WES for the test program. The materials were: processed

Nellis Baseline sand, wnich is a mixtare of soils gathered throughout Ralston

Valley, Nevada, tnat was olended by personnel of the WES Geomechanics Division

such that its gradation would be similar to that encountered in the southeast-

ern part of tne valley within tne Nellis Air Force Range; undisturbed soil.

cores from the DIRECT -OURSE test site at the White Sands Missile Range; and

both processed sDils Rnd undisturbed soil cores from the CARES-Dry test site

at tne Luke Bcmbing and Gunnery Range.

Soil Classi'ication and index tests were conducted by personnel of tne

WES Geotecnnical Laboratory to determine grain size distributions, Atteroerg

limits, and specific gravities. Standard and modified compaction tests were

also performed on the processed Nellis Baseline and CARES-Dry sand samples.

This information was used by WES to classify tne materials according to tne

Unified Soil Classification System (USCS).

The Nellis Baseline sand mixture is classified as a brown, well graded,

clayey sand (SW-SC) that contains about 10 percent fines (clay and silt) Dy

weight. The particle size distribution is presented in Figure 1. Standard.

Proctor compaction tests indicated a maximum dry density of about 1 .87 g'cm 3

at an optimum water content of about 12 percent. Modified Proctor compaction

test results indicated a maximum dry density of about 1.99 g/'cm 3 at an optimum

water content of about 9.1 percent. The specific gravity and Atterberg

limits are given in Table 1. 0

The processed CARES-Dry sand is classified as a brown clayey sand 'S)

that contains about 33 percent fines by weignt. The particle size distribution

is shown in Figure 2. The results of the standard Proctor compaction test3

indicated a maximum dry density of about 1 .95 g/cm 3 at an optimum water con-

tent of' about 11.6 percent, and modified Proctor compaction test resilts

indicated a maximum dry density of about 2.11 g/cm 3 at an opti:num water con-

1. J.D. Cargile, 1986, "Laboratory Test Results for Nelli3 Baseline Sand,"

Technical Report SL-86-15, September 1986, U.S. Army Engineer Waterways

Experiment Station, VicKsburg, MS, p. 10.

2 0j<
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Table 1. Specific gravity and Atterberg limits for remolded Neilis
Baseline sand, remolded and undisturbed CARES-Dry sand and
undisturbed DIRECT COURSE sand.

Liquid Plastic Plasticity.
Specific Gravity Limit Limit Index USCS

Sand of Soil Solids (LL) (PL) (PI) Classification

NV1  2.62 22 14 8 SW/SC

RDC2  2.67 36 17 19 SC

UDC2  2.68 37 16 21 SC

UWS 3  2.81 27 16 11 SC/CL

NV - Remolded Nellis Baseline Sand
RDC - Remolded CARES-Dry Sand i-
UDC - Undisturbed CARES-Dry Sand
UWS - Undisturbed DIRECT COURSE Sand

0

1. Cargile, J.D., 1986, "Laboratory Test Results for Nellis Baseline Sand,"
Technical Report SL-86-15, September 1986, U.S. Army Engineer Waterways

Experiment Station, Vicksburg, MS, p. 10.
2. Cargile, J.D., 1986, "Geotechnical Investigation for the CARES-Dry Site:

Laboratory Test Results," Technical Report LS-86-16, Report 2, September,.

1986, U.S. Army Engineer Waterways Experiment Station, Vicksourg, MS,
p. 18-19, 32.

3. Phillips, B.R., 1986, "Geotechnical Investigation for DIRECT COURSE and

Related Events: Laboratory Test Results," Technical Report SL-86-18,
Report 2, September 1986, U.S. Army Engineer Waterways Experiment Station,

Vicksburg, MS, p. 11-13.
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tent of about 7.9 percent. 2 The specific gravity and Atterberg limits are

given in Table 1.

The undisturbed CARES-Dry material is predominantly a variably cemented

brown clayey sand (SC) with a trace of small gravel. The specific gravity and

Atterberg limits are given in Table 1. Soil gradation data and in-situ water

contents are given in Reference 2.

The DIRECT COURSE undisturbed soils are predominantly clayey sands and

sandy clays interbedded with areas containing a gypsum cement. Water contents

range from 1.3 to 35.0 percent. The variability in moisture content may be

attributed to the stratified nature of the subsurface soils, with different

layers being of different permeability and containing varying amounts of sand,

clay and gypsum cement.3 The particle size distribution is shown in Figure

3. The specific gravity and Atterberg limits are given in Table 1.

C.

,.-?

2. Cargile, J.D., 1986, "Geotechnical Investigation for the CARES-Dry Site:

Laboratory Test Results," Technical Report SL-86-16, Report 2, September
1986, U.S. Army Engineer Waterways Experiment Station, VicKsburg, MS, p. 7.

3. Pnillips, B.R., 1986, "Geotechnical Investigition for DIRECT COURSE and

Related Events: Laboratory Test Results," Tecnnical Report SL-86-18, Report S
2, September 1986, U.S. Army Engineer Waterways Experiment Station, Vicks-

burg, 'S, p. 11-13.
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SECTION 3

SAMPLE PREPARATION

Test materials were shipped to Terra Tek in numbered boxes. Undisturued

cores were capped with two wood disks ("packers") and jacketed in a thin (0.3

m) rubber membrane. The cores were additionally wrapped in aluminum foil and

labeled with a sample number. Appendix A outlines the handling procedures for

the undisturbed cores. Appendix B lists the box, sample and boring numbers,

and the depth interval of each undisturbed specimen used in tne test program.

Processed soils for remolding were shipped in large batches and identi-

fied by the sampling site. Samples were prepared by forming the loose scils"

into right circular cylinders in a rigid wall consolidometer (uniaxial compac-

tion). All remolded samples had a target density of 1 .90 g/cm 3 and a target

moisture content of 6% (by dry weight), specified by WES. Water was added t,.

the soils as necessary during casting (remolding) to achieve tne desired-

moisture content. Sample density was determined from geometrical and mass

measurements, and moisture content was determined following testing as the

ratio of the weight of water lost by oven drying to the dry weight of tne

sample. The initial density of the test specimen, post-test moisture content

and the maximum axial stress applied during preparation is given on corre-

sponding plots of the test data.

All of the remolded samples were lightly sprayed with a thin coating of a

wax-like material to protect the integrity of the sample surface during hand-

ling. Some of the poorer undisturbed specimens with large voids along tne

surfaces were patched with epoxy to prevent jacket failure during testing.

7

S

2. . . . . ..~ 2. ~ . . . . . . .".. . .



k.~

SECTION 14 p*

TEST PROCEDURES

4.1 GENERAL.

All Conventional mechanical tests were performed With two servo control-

led hydraulic test frames using a light refined oil inside the pressure: VPssel

as a confining fluid. Strain path tests were performed with a comptetr con-
troiled hydraulic test frame.

The prepared samples were placed between hardened stel Pndnaps and warP

jacketed with a double layer wrap of polyurethane to prevent initruIsion of tnte

confining fluid into the sample pore spaces. The total thic 'nP3s Of toeP

polyurethane wrap was 0.5 mm. The specimens iere then instrLIMented With

strai~n transduIcers which measured axial strain and radial strain in two ortno-

gonal directions. Specimens were deviatoricall.y loaded wjith an axial st-ain

rate of 1.25x101 4 /second for the conventional mechanical te-sts3 and it 1 .00x

10 /second for the strain path tests. Con7tinuous3 analog data (X-Y recorder)

and digital data were collected throughout each test.

4.2 CONVENTIONAL MECHANICAL TESTS.

Conventional mechanical tests consisted of cycled hydrostati(c compres-

sion, cycled uniaxial strain, and triaxial compression tests. For the cyclepd

hydrostatic compression tests, undrained spcimens were subjec-ted to inicrpas-

ing and decreasing confining pressure while changes in the specimens' ne':ignt

and diameter were measured. For most tests, the confining pressure w4as sucW-

celssively cycled to 50, 100, 200, an~d 400 MPa, and bac-k to zero 3tress foll-,ow-

ing each pressurization. The hydrostatic loading rate for all cycled tests3

was approximat-ly 0.75 MPa/second.

In the cycled uiniixi, strain test;s, indrained specimpns eecyldt

zero stress from pe-ak confining press3uros of 50, 100, 200 and 400 MPa. An

axial load *as applied and constantly inor'eased wnill- the confining 3t:-'3 was

continuously adjus~tPd during toe c!ycles to) r.Aintain zero radial st-ain. F ive

tes3ts3 were P !yc led onl t.1v o 20 0 MiPa conr.f inr.ing rP~'S 3 Ire dueI t i ,h toe ~i ts ofr t he

tes1t frame prP33ur- ve--sel, and one test 4as3 ):I.lv CV'11d to 100 MPI dueP to I

jaI-Ket railuire. Tlhore 0test ire indifat-d in Tabl- 6 see- footnotes -AnA 5).

Triaxi-il oompres:3ian testL 3pp,,imons weore tested,- ond-'ilnpd aoli sloje-tel

to a ,onstant nydr'ostati'- confining pressure of Pi, ilr 5J, 100, 200, o)r 40)

? - . . . - . . . . - - - - -. . . . . . -



NIPs. After thel desired confining press3ure AaSi attaiined, a de iit 3r, st:-o3

was app'ied uintiI: either then spec-imen fa3i ld -Dr toe- li m ts )f t-osrt

transduIcers were eedd. Taole 7 identifies tfl- s,-eO21mofl toil,13- f: iand, %

those that roachied the 'limits of tne strain transducers (spo fOOtfloto3 a -and(

4.3 STRAIN PATH 'TESTS.

The strain paths were, designed to represent strainnitrc pei.cd

* by soil elements undergoing explos-ion induIced ground motio ns. Tn teig

apparatus L13ed for tne strain paton tests3 was A -oMP1ter onltr od t: xI i

4 loading frame with *a pressu1,re vesse9,l Limit of 100 MPa. A DigitalEqpmr

* ~Computer (DEC) POP MINO 11 was interfaced to,- the triaxiil, lodig ra2 '

*controlling to axial and confining pr"0ssures. During testinig, to :3Ample w4As

* strained by continuLous idjustment, of tn-, confining aInd *Aeviator~oStesCO

*The onanges in stress requlired to go from one point on tne stlrain path t toel

* next were calcutlated by the computer Using tne generai~zed HooKe's law4.

Two strain patns were investigated, identifie-d as patos 2 ind -,iaoni

* having two le'vels Of strain magnituode. Path 2 ropresents depO fa-fiti at 4

Path 3 deep nepar-fi-ld stress conditions in toe vicinity of a buri.o 7go -

explsi~etest. A total Of four strain paths were fo,)lowed and are eojj4

as the 2A, 2B, 3A -and 30_ paths. Strain path 23 is3 a replic ate of 2A Dot! wIh

t~wire toe strain magnitu1-des. Similarly, strain path 30' is a r-pIL-rtl ',f 3A -

but with three times the strain magnitudes.

The strain paths1 'wrTodelePd by; piecoe-wise, cont;.iuouslier emeo

Pigures 4-7 show toe pice-wise continiuous3 segments forming stanp s2A,

283, 3A and 30, respectily. Twnty-three, segments3 IPe'- IPJ to , %3 '2

Paths 2A And 28. T ase 2 lis3ts toe a x ial a nd rad ial s tr-a ins3 fr r o;n.

o f paths 2A and 28. Ten segments W-rP used tomol strain rtn Z'A At U,

and TasleP 3 lists3 toe axial and radil s3triins fo Jr J'o egmtifi"

paths1 3A and 3C. In both, tasl-s, *-!ompr-.3si1on is3 postiv in AK 171on.

nepgat i ve.

4.4 TES"T MARIX.

The numnber of tests3 thalt Were- peo,, rmed and the nominaliC? aewe

:3 1zes for- ' in mnAte" i li andj test3 type ag; gven i n Tanle ".Toer, I:

those3 tet Jr i1~~e in to ft) low ing so "ions3
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Table 2. Strain pathi 2 (deep far-field conditions) axial and
radial strain segments (strains are given in milli-
strains*).

PATH 2A PATH 2B
Segment FA ET F_ A

1 5.070 -0.04952 10.14 -0.09905

2 7.559 -0.22480 15.12 -0.4495

3 10.050 -0.40760 20.10 -0.8152

4 12.550 -0.62860 25.10 -1.2570

5 15.040 -0.93330 30.08 -1.867

6 17.540 -1 .3450 35.08 -2.690

7 20.020 -1 .8020 40.03 -3.604

8 22.510 -2.4190 45.01 -4.838

9 24.970 -3.280 49.94 -6.560

10 25.170 -3.349 50.33 -6.o97

11 25.330 -3.448 50.67 -6.895

12 25.560 -3.539 51.11 -7.078

13 25.750 -3.699 51.50 -7.398

14 25.950 -3.935 51.39 -7.370

15 25.750 -4.194 51.50 -8.389

16 25.560 -4.331 51.11 -8.663

17 25.330 -4.499 50.67 -8.998

18 25.140 -4.590 50.28 -9.131

14 24.940 -4.690 49.89j -9.379)

20 22.440 -5.737 44.88 -11.570

21 20.230 -6.495 40.45 -12.990

22 12.410 -2.541 24.81 -5.082

23 21-720 -7.265 43.45 -14.530

*CompressiOn is positive, expansion is negative.

A - Axial Strain
ET - Radial Strain .

10
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Table 3. Strain path 3 (deep near-field conditions) axial and
radial strain segments (strains are given in milli-
strains*).

PATH 3A PATH'3C
Segment A C

1 5.034 -0.2348 15.10 -0-7045

2 7.556 -0.3788 22.67 -1.136

3 10.03 -0.6667 30.09 -2.000

4 10.54 -0.7652 31.61 -2.295

5 11.03 -0.9773 33.10 -2.932

6 12.04 -1.886 36.11 -5.659

7 15.00 -4.992 44.99 -14.980

8 17.38 -7.311 52.13 -21.930

9 19.92 -10.000 59.75 -30.000

10 17.36 -8.667 52.07 -26.000

*Compression is positive, expansion is negative.

E - Axial Strain
A

C - Radial Strain
T

..--
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SECTION 5

TEST RESULTS

5.1 GENERAL.

The t ,at r'esuilts are illustr'ated by a spri- s of 'ar plots nt olw

tne appendices and arp disedssed in sabsequent sfeotions. Te v 1o il'

nmechaniral Psts are diSCLossed first, followed by en srran. pitn t~psls.

5.2 CYCLED HYDROSTATIC COMPRESSION TESTS.

The cYcled hyd-ostat, io- nompre 33sior, tesU lia a p:-3F0TItP ai3 P_ ) S 0

confining P:''3are ver-sus volametric itrain in. plates 1 -1 1anrc tne -,Is 1'-', .1-P

sui~msized in TablP 5. Tne volirn, tic st:rain ,aiac3 l l -am-,eA from a l'

ralial 3train data 0,' tnd fOl lo4ing eqUationl:

dv _2 2
2:T + :A Er 2 TCA +ET E

wnere?: dV/V =f-ac:tinnal dpra3,e in volune

C xiil strai n

=~ radial straIn

Adii ionallv, tnp 3lop, of to nonrf n ing p -,,3- ;-.3 is jDmt 3 3i~

*CurVa is thP 011'< MOdul1US. TnP b I'- K n'Od IIll dr 'PO' ~~ ir' ol

Plat,,es 1-3, 4-6, 7-8 and J-11 Iar tne -p3 -'t 1 uc tn-3 ~~J
* Nlli ~aeli 3 and (V , :-no. ded -AIRES-D-'i 3-v.A, Ro: n 1

*Dry .3and :'JD--, anAJ tn-. ond L-r or nd 0IET JR,''3_i Iu . nWn ' '

sLuf i x a!t aoh-d to each TaUteria I L aL) Dr. 'IId *'tjr1 -1 T a e vA-r!I-

sponding pIott~ t, , j t d aa. Tal! ; .3 f.3 3r. 1~O -7 1,ui

materia', Identif; -ation. o i 1 11 31 0CSt :3t-O :)3tr -1:',1

-it tnoe end of tn- cv-!i f'or, in opi inrn 7u: pe'oon $ n ;3t

Vole of m vo'3~n~ ot:a n nit P~min 1 a r..- nf Inn j .-< 2

3aMpLa na3 bppn r-'mL-v'=.

rp-' mo.r poominont f-atire ) tnp 2. ot~ ~p%3a' -A

f-'IP L

in I ',n- L Pi- n i- r L)'t 'I '.

......................- 3
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benavior at a volumetric strain of approximately 1T-181 and the RDC at approx-

imately 13-201. The slope of toe linear portion Df the curve .s similar f Dr

both materi-a . This type of strain response suggests that the change in

slope occurs at the Point where most of the intergranular air voids have been

reduced in size by compaction and the sample has become fully saturated. The

confining stress is thereafter supported not only oy the grain strength, but

also oy the pore fluid pressure. The magnitude and linearity of the slope

tends to support this interpretation. Similar behavior is seen in the nydro-

static portion of the triaxial compression tests.

The abrupt transition in the volumetric strain response is not onserved

for the undisturbed CARES-Dry and DIRECT COURSE materials. Instead, a con-

tinuous change in slope is observed, even as peak confining stresses are

approached. The difference in benavior may be due to the lower moisture

content of the undisturbed CARES-Dry specimens and the higher void ratio of

the undisturbed Wnite Sands specimens, and neither of the undisturbed mater-

ials appear to have reached full saturation.

RDC and UWS sands have the largest volumetric strains and permanent

compactions. Volumetric strains were tne smallest for UDC, which is related

to the higher dry density. Botn of the remolded material types exhibit less

variability than tne undisturbed core. The group averages of the maximum

volumetric strains and permanent compactions attained during each cycle were

computed for the four material types and are reported in Table 5 as the mean

value. The mean values are plotted against confining pressures in Figures 3- 0

9. The plots illustrate tne general compressive properties of the four mater-

ial types and inlicate that for all four -,ateria.s tne void spaces compress-.

rapidly from approximately D tD 1.)0 MPa onfining stress, prTobaoly Dec)ming

filled wito pore fluid Dr rearrangel aol/ r crusoel grne tr" part1'11). rs

tne hydrostatic ioad is increIse1 from '32 ;: 400 4Pa, te nat:'-x ene na:.',

tigntly pack(ei and tnere i.3 an Lnresing'l otiffer res na,. - ne ,c :

specimens are stiffer toan t:eo )n>jaturoeJ spe-imens it i o,- :' 2o no

3tresses due tu 3atirat in. Per;nan-nt . omnpAnt 'ori3 1'.-- neoi.-y i6 ar _g io ; n7he

volumetric strains it eich cycle, n, icving toit the grin Lr frow Y'<

progressively J stroyed or ineisiotica. a .I

Some anonai.)is D-onavicr is Ionarv,, n t.e ny I" tt c .

UWS3 (Plate 11). During toe cy~e fron '2)) 'a t..' ct'.n. i-I . t.' .,

MPA cycle, tne confining prasur--o',net , st," 1 ."', J.3 .. ... ,

p,.,

d.
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strain reversals. At several points on the Curve, the volumetric strain

increases as the confining stress decreases, and on the 400 MPa cycle, the

volumetric strain decreases as the confining stress increases. This behavior r.

may be attributable to placement of the radial strain transducers on locally

deforming areas of the specimen where large grains of gravel may have shifted

under the transducer contacts, cai~sing irregular strain measurements. Alterna- 5
tively, the axial strain transducers may have been affected by skewed endcap

deflection caused by irregular specimen deformation.

5.3 CYCLED UNIAXIAL STRAIN TESTS.

The cycled uniaxial strain test results are summarized in Table 6, and

for each test the data are graphically illustrated by four plots (Plates 12-

59). The four plots present axial stress versus axial strain, principal

stress difference versus principal strain difference, principal stress differ-

ence versus mean normal stress, and confining pressure versus the volumet-ic -|

strain. Plates 12-23, 24-35, 36-47 and 48-59 are the respective plots of th-

test data for the NV, RDC, UDC and UWS materials. The numerical suffix attach-

ed to the material abbreviation in Table 6 identifies the corresponding plot- -4-
ted test data.

Table 6 lists the test specimen, the initial density, post-test moisturP - .

content, the constrained secant moduli at 50, 100, 200, 300 and 400 MPa axial

stress, the equivalent shear moduli at 20 and 40 MPa principal stres3 differ-

ence for the NV samples, at 20 MPa for the RDC samples, and at 50 and 100 MPa

for the undisturbed samples, the stress ratio, Ko , and Poisson's ratio, v. Ko

and v were calculated for the first cycle to 50 MPa confining pressure.

The constrainpd modulus, o /EA was calculated from the slope of the -

secant on the axial stress versus axial strain plot. An equivalent shear

modulus for lni-axial strain conditions, G = 1/2 ud!A, was calculated from the-

plot of principal stress difference versus principal strain differncp where

the principal strain difference is EA - T and CT = 0. Ko, tnp ratio of

horizontal to vertical stress, and Poisson's ratio, v, 4ere calcilated from

the plot of principal stress difference versus mean normal stress using the

following equations:

19
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Principal Stress Difference a a - -a-

Mean Normal Stress am = (a, + 2a )/3
1 3

Slope of Curve X = a/am

Ratio of Stress K = a /a = (3-x)/(3+2x)

Poisson's Ratio v = K /(Ko+1)
0 0

An equivalent bulk modulus for uniaxial strain conditions, K, was calcu-

lated using the following equation:

Bulk Modulus K = /E = (ad /A)/(EAMa /a

The bulk moduli are reported at the end of Test Results section in Table 8.

The constrained moduli are larger and more uniform for the remolded

specimens than for the undisturbed specimens. At 50 MPa, the respective

averages and standard deviations are 1030 MPa and 104 for NV, 940 MPa and 191

for RDC, 1010 MPa and 236 for UDC, and 780 MPa and 26 for UWS. For axial

stress above 50 MPa, the remolded samples behaved similarly. The constrained

moduli are uniform from 100 to 400 MPa and the respective averages are 43.4

and 48.1 GPa and the standard deviations are 14 and 13 GPa for NV and RDC.

The undisturbed samples have greater variation. The averages for 100 MPa

are 1800 and 1560 MPa with standard deviations of 660 and 330 for UDC and UWS,

respectively. For 200 MPa, the averages and standard deviations are 4460 MPa

and 1500 for UDC and 3480 MPa and 1140 for UDC. The averages for 300 MPa are

7490 MPa with a standard deviation of 990 MPa for UDC and 3140 MPa with a

standard deviation of 2450 MPa for UWS. One specimen from 'JDC (UDC, Table 6')

did not reach 300 MPa. There are no averages for the UDC and LJS samples at

400 MPa.

The shear moduli are uniform within each material group. The shear moduli

for the NV samples were calculated at 20 and 40 MPa principal stress differ-

ence and at 20 MPa for tne RDC samples. At 20 MPa, the NV material nas in

average of 177 MPa with a standard deviation of 11 .5, and at 40 MPa, the

average i3 1360 MPa with a standard deviation of 377.2. The average value at

20 MPa for RDC is 240 MPa with a standard deviation of 55.7. The averages fo,

the undisturbed specimens at 50 MPa are 457 and 357 MPa with standar devia-

tions of 247 and 64.3 for UDC and UWS, respectively. The respe.3tive 3verages

for UDC and UWS at 100 MPa are 917 and 947 MPa with standard deviation3 of

521 .8 and 514 MPa. -,

21 .
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Ko , the ratio of horizontal to vertical stress, was determined as previ-

ously explained, for the first uhiaxial strain cycle to 50 MPa confining

pressure. The averages and standard deviations of KO are 0.41 and 0.021, 0.51 e

and 0.01, 0.48 and 0.028, and 0.56 and 0.056 for NV, RDC, UDC and UWS, respc-
tively '"

The average values for Poisson's ratio are 0.29, 0.34, 0.32, and 0.36

with standard deviations of 0.011, 0.006, 0.007 and 0.026 for NV, RDC, UDC and s-f

UWS, respectively.

Examination of the stress difference versus mean normal stress plots

reveals marked differences in stress difference levels achieved by the undis-

turbod and remolded test specimens. The deviatoric stresses ar largar,

although more variable, in the undisturbed samples. This same trend was

observed in the triaxial compres3ion tests, and is consistent with thp inter-

pretation that the remolded samples became fully saturated during compres3ion.

Uniaxial strain test No. RDC2 indicates a negative stress in tne axial

stress-axial strain plot (Plate 28) which may be construed as a negative"

deviatoric stress (extensional stress state). The test equipment used for the

uniaxial strain tests is not capable of producing extensional forces, and it

is suspected that a voltage offset in tnp deviatoric load trinsducer occurred

during the test. The voltage offset was likely due to tecnninian error, 3inceP

subsequent load transducer calibrations and test data did not reveal any

further measurement errors.

5.4 TRIAXIAL COMPRESSION TESTS.

The triaxial compression test data are presented grapni ally ny two 1-ts

for each test in Plates 60-85, and the -esiLts ar'e summarized in Tan" 7. 7h' o

first plot is for tnp data acquired during tne ndrostUatiC- loading rtier. or

the test, and displays tn confining pr.ssur- vers,is tn- axial, 'ali l 'nd tn.

volumetricr strain. The s:e,)nd plot s for' tne flta u4-,:d .Jirug 1-,tb-"'

loading, and shows 3tr,s difrrn,-, v-rs s n,3 )';PrtgP a :< i' an] ,-tl" L .

stradins.

Plates 60-65, 66-71 , 72-77 an.1 78-SD v the ,p. t p tu , tU:' :',-

RDC UD7 and UW tri xital omprs3 in tut A.ati . T' .e n .w.ei sif"i i,',,

eJ to th matr a abbr,-it.: n in T.irLI 7 1enLe, l .t: , - . " , -

ted test data. Tabie 7 1 st.i tie in ti i : svrPi - mlpsL-W-. ,

content, conf ini ng st -js, Tax ir v- t'i 3t:'1 Ii.

%'Zie-~~~~ eoyA" t e r
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pression, maximum Jeviatoric stress at failire, secant Young's modulus, 3nj

the strain ratio, T/E A* The maximum deviatoric stress was taker to oe tne

peak stress difference at failire, or when the limits of tnP transducers war,-

reached. The bulk modl i obtained from the hydrostatic portion of each test

are given in Taole 8 following this section.

The maximum volumetric strains were obtained from the peak hydrostatic-,7

load portion of each test and are similar to tnose obtained from the cycled

nydrostatic compression tests at similar confining pressures. Deviatori.".

fail.ir stresses, Young's moduli and the strain ratios were determined from

the triaxial portion of the test. Young's Todulus is calculated from the

secant in the first linear portion of the stress difference versus axial

strain curve plotted from the triaxial compression portion of the test. Th z .

average values for Young's modulus are 3963, 2296, 2818, and 1693 MP- with

standard deviations of 1239, 315, 1929 and 812 MPa for NV, RDC, UDC and UWS,

respect i vely.

The strain ratio was calculated using the corresponding linear portion of

the stress difference versus radial strain and axial strain curves. The aver-

ag- values and standard deviations for the material groups are: 0.31 and

0.065 for NV, 0.44 and 0.040 for RDC, 0.25 and 0.095 for UDC, and 0.23 and

0.074 for UWS.

The shear strength of the remolded soils does not appear to be 31gnii-

cantly affected by an increase in confining pressure once the confining stress

rpegion that corresponds with the linear portion of tne hvdrostati st--es3

curve nas been reached. This is consi3tnt ,ith fuIl saturatlun of tnp por,,

spice and su)bsquent b-navior according to tne effertive 3trsu :iW. in tn--

nigner 3tress-3train rogions, tne effective strs3s snould be icre'ting T, tih .

more slow.y than total 3tr-es3, -nd thp 3near st:rength .h ..oulJ ,e an.. /

rinimlly dependent ,)n tne confining pr-J.3LrP.

Tne indl.stLirbpd p-iri3 to nav' i niJ :- 5f,-a3 st-'. t .  . ,

remolled specimens, blt tn ey 1i13 exnL[ grotto: vr;aniLit i

5.5 SUMMARY DF BUL.K MOD'JLI -MPiED FRJM iOUTINE ' :HAN: 'A- T;'.

The c), lk Tro 1, j i -al- i.lted fron tnb roou o~ -no -nani; ,~ aI1, 3 -1 :r )r.7

in inal- 8 Tn Pe oi ,o d iI - r~~ 130 1 t' r n. n i n. 3'~' 1 - - <o

om saTmplePs in tne R i grou lp r.I Kp- ,ol 1 vl Dr I I- -.3 J M . .
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undisturbed samples remained qaite low at high confining presdre compared to

the remolded samples.

5.6 STRAIN PATH TESTS.

Strain path data are graphically presented by four plots for each test %

(Plates 86-273), which show radial versus axial strain, principal stress

difference versus mean normal stress, principal stress difference versus

principal strain difference, and volumetric strain versus principal strain

difference. Plates 86-149, 150-197, 198-241, and 242-273 are the respectiv,

plots of the NV, RDC, UDC and UWS strain path data. Table 9 lists the sample

identification, density and post-test moisture contents for the strain path

test specimens. V..

The first plot mentioned, radial versus axial strain, shows the st-ain '.

path actually followed by the sample. The dashed line in the radial versus

axial strain plots is the intended strain path and the solid line indicats

the path that was actually followed. The initial hydrostatic preload is not

shown on the plot and the zero strain point was taken to be the start of the

strain path test. The remaining plots include data from the stress-strain

response of the sample during the hydrostatic preload. The beginning of the

hydrostatic preload is marked as point A. The end of the preload and the"

beginning of the strain path loading is denoted as point B.

Hydrostatic preloads were generally between 5.8 MPa and 7.0 MPa. Th,-

preload stresses were applied to create an initial volumetric strain in order 0

to store enough strain energy to allow the strain paths to Se followed into

the region of radial strain reversal. Larger preload 3trePsses were applie to

specimens that initially had small volumetric strain responses. .

Despite the initial nvdrostatic preioads, strain pathns 2A and 23 cou.d S

not be followed to completion. Tre principal stress difference or confining

pressure alway3 became ze-ro before the strain path traverse reached tne point

of ridial strain reversal. Tnero as not enough elastic strain Pnprgy t o

4 -
allow tnp 3pecimen to reDound sufficir ntly. Completion of the st:ain path

traverse wo ild have requirod tne specimen1s to be sudjerted to tensile strs-

:s Fewer difficulties were encouintpred in fo-owing strin p-atns 3A and 31;

4. AK-rs, S.A.; "Axi:3vmmtri Strain-Patn anJ :Ot-ps,;-Patn Tots n CARES-Dry
2layey Sand," T-ehnial Rpo,'t L-66-23, 6,t.'ber 1 1.. Army Eng:ne:r
Waterways Experiment tatLon, VicKssiirg, M-S, p. 40.

2 '"
01:

a -- --- a ...- . . . . . . . . . . . . . . . . . .
,," v -"," . . .,""'.; '-.-,'L .. "' -. ""-", -''." "-"-'"- "-.-. -" -,- " " '',"-'" -, -, :,"" ' " > "



Table 9. Identification, density and moisture contents for
strain path test specimens.

Strain Test Specimen I.D. Density Post-Test
Path I.D. Box # Sample # (g/cn3 ) Moisture(%

2A NV1 Remolded Sand 1.90 6.12
NV2 1 .90 5.94
NV3 1.90 6.25
NV~4 1 .90 5.35

2B NV1 Remolded Sand 1 .90 5.86
NV2 1.90 5.43
NV3 1 .90 5.33
NV4 1.90 4.93

3A NV1 Remolded Sand 1.90 6.61
NV2 1.90 5.65
NV3 1 .92 5.88
NV4 1 .91 . 5.90

3C NVI Remolded Sand 1.91 5.87
NV2 1 .90 6 .3 0
NV3 1.91 6.27
NV4 1.90 5.25

2A RDCi Remolded Sand 1.91 5.80
RDC2 1.91 5.53
RDC3 1.91 5.96

2B RDC1 Remolded Sand 1.92 1.90
RDC2 1.90 5.17

0
3A RDC1 Remolded Sand 1.90 5.27

RDC2 1 .90 5.38
RDC3 1 .90 5.45
RDC4 1 .90 5.38

3C RDC1 Remolded Sand 1.90 5.39
RDC2 1.90 5.63
RDC3 1.88 s~

NV - Remolded Nelli3 Valley Baseline Sand, Nellis Air~ Force
Range, Nevada

RDG - Remolded CARES-Dry Sand, Luke Bombing and -,unrier~y Range,

Arizona

2i



Table 9. Identification, density and moisture contents for %%%
strain path test specimens (continued).

Strain Test Specimen I.D. Density Post-Test
Path I.D. Box # Sample # (g/cm 3 ) Moisture (%)

2A UDC1 15 2 1.76 0.91

UDC2 17 5 1.71 1.00

UDC3 15 4 1.84 0.85

2B UDCI 16 4 1.81 2.07
UDC2 18 1 1.92 3.55

3A UDC1 17 1 1.89 1.92

UDC2 17 2 1.96 1.45
UDC3 17 4 1.95 0.96

3C UDC1 15 1 1.94 2.16
UDC2 15 3 1.96 1.19
UDC3 16 2 1 1.82 0.63

2A UWS1 1 1 1.99 3.62
UWS2 1 3 1.68 12.93
UWS3 2 1 * *

2B uwsl 6 5 1.90 9.70

3A UWS1 2 4 1.91 6.58
UWS2 2 3 1.79 8.26
UWS3 3 3 1.72 12.37

3C UWS1 6 1 1.96 5.6"

*Data unavailable

UDC - Undisturbed CARES-Dry Sand, Luke Bombing and Gunnery Range,

Arizona.
UWS - ndisturbed DIRECT COURSE Sand, White Sands 1issile Range,

New Mexico.
S
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Reaslts fofo the dsdstrain pat s s, now n a ~ay tie explsiier :) aong larer

Young's moduli for the material, as determined from tne triax Ia comoDr-?Sion

tests. In tne type 2 strain pato tests, plots of tone orin:-ci oat sress differ-

4 ence versus the principal strain difference snow a characteristic pattern in

* the NV sand response. In both 2A and 2B strain patns, tne spe2-,mens ori

4 very little ',1-2% strain difference) during loading t3 a stress difference of

5 to 7 MPa, followed by i.ncreased shear strain witn minimal additionallo.

The RDC, JDC, and UWS materials behave similar to each other in tne type

2 strain path tests, Dut unli~e the NV samples, the principal stress differ-

* ence versus principal strain difference curves are nearly linear fir ialmost

toe entire loading portion of tne test. The stress-strain responses are,

similar among the tnree groups, althougn the UJDC has -a slightly Stiffer' re-

sponse tnan the RDC material.

Greater variability, botn among and between groups, is seen in thle tle

Strain patni tests, although the overall. results are similar to tne t,'Pe
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p.°. "7179

SAMPLE HANDLING INSTRUCTIONS FOR UNDISTURBED
CARES-DRY AND DIRECT COURSE MATERIAL

1

1. Cut the box and foam rubber from around the sample to remove it from the
box. Pulling the sample from the box may damage it.

2. Re-tape the box for storage of the remaining samples.

3. Freeze the samples before attempting to remove the aluminum foil and wood

packers. -

4. To remove the wood packers:

a) Turn the sample upside down in order to remove the base packer first.

b) Unfold the portion of the membrane which was folded over the rubber
bands.

c) Carefully cut the membrane where the packer and sample meet.

d) Place the base on the sample and turn the sample upright.

e) Repeat steps b and c and place the top cap on the sample.

NOTE: It is recommended that the membrane not be completely removed from i;he
sample. Removal could result in material failing off.

* II

.- S.'.

1 Memo from Janes D. Cargie, Marcih, 1983.
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UNDISTURBED CARES-DRY (UDC) CORE SAMPLES '

Box Sample Baring Depth (meters)
Number Number Number -From To

15 1 23 5.1 5.2

15 2 17 5.4 5.6

15 3 45 26.0 26.1

15 ~ 4 43 26.3 24.4

16 2 43 4.6 4.8

16 4 '42 20.2 20.4

17 1 45 17.3 17.4

17 2 21 5.1 5.2
17 '4 26 20.1 20.2

17 5 33 26.3 26.5

18 1 21 20.0 20.1

18 5 15 4.3 4.4

19 2 40 20.3 20.4

19 5 '41 27.2 27.3 5

21 1 41 27.3 27.7

21 2 32 26.3 26.4

21 3 32 26.4 26.5

22 3 23 18.6 18.3

22 3 38 27.9 28.1

34



'i'

I 'F

%,

UNDISTURBED DIRECT COURSE (UWS) CORE SAMPLES

LA

Box Sample Boring Depth to Center of
Number Number Number Specimen (meters)

1 1 21 9.3

1 3 21 2.0

2 1 21 5.4

2 3 25 5.7

2 4 29 6.5

3 3 25 12.3

4 1 21 15.5

4 2 21 9.7

4 4 26 2.2

5 2 31 14.1

5 3 21 1.4

5 4 34 12.4

5 5 32 24.6

6 1 34A 23.3

6 5 23 5.0 .

j.%

22 2 28 3.3 N-.

23 5 24 1.0

23 6 25 1.0

35
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